The gut microbiota plays a significant role in health and disease, including cancer development and treatment. The importance of the gut microbiota in the efficacy and toxicity of novel therapies and immunotherapy is increasingly recognized. Plasma cells in multiple myeloma have the potential to survive in the gastrointestinal tract for long periods of time. The nature of the gut microbiota impacts the degree of antigen stimulation of these cells and may play a role in mutation development and clonal evolution. Furthermore, myeloma therapies such as proteasome inhibitors and alkylating agents, commonly used to treat patients, are frequently associated with gastrointestinal adverse events. Herein we review the gut microbiota and its role in hematopoiesis, pathogenesis of myeloma, and efficacy/toxicity of anti-myeloma therapies.
Introduction
The human microbiota is becoming increasingly important in the era of immune and cellular therapy. The complex and interactive balance between nonpathogenic microbes and our immune system has created a steady state of coexistence. Any disturbance of this balance can lead to morbidity and illnesses. Literature published regarding the gut microbiota in cancer research has increased dramatically since the early 2000s. In addition to the gut microbiota's role in the promotion and prevention of disease, reports are now emerging of an effect on cancer treatment outcomes [1] .
The success of immunotherapy in various malignancies is dependent on several factors, such as the level of antigen expression on the surface of cells (e.g., programmed death ligand-1 expression), the amount of tumor-infiltrating lymphocytes, the tumor mutational burden, somatic aberration, and likely more that will be identified with ongoing research [2] .
Within the gut microbiota, both pathogenic and nonpathogenic microbes exist, which are susceptible to change according to the local environment. These microbes are under active surveillance by our immune sys-Acta Haematol 2020;143:118-123 DOI: 10.1159/000500976 tem, which can be activated and eradicate pathogenic microbes or attack the host cells, particularly the intestinal epithelium, as seen in inflammatory bowel diseases. Therefore, scientists have speculated that active immune system recognition triggered by the presence of nonpathogenic microbes may enhance the efficacy of immunological and cellular therapies. However, this same microbe-dependent immune activation may also play a role in increasing the risk of immune-mediated adverse events [1] .
Multiple myeloma is a malignancy of plasma cells. Plasma cells are considered the backbone of the adaptive immune system due to their ability to produce immunoglobulins and fight microbial infections. When plasma cells become clonal by acquiring somatic mutations that alter their function, mainly involving the immunoglobulin heavy chain (IgVH) on chromosome 14, they produce abnormal proteins (monoclonal proteins), which have immunogenic properties that can drive the immune system against the host [3] .
The dramatic improvement in multiple myeloma therapy in the last decade, with the introduction of advancedgeneration proteasome inhibitors, immunomodulators, and monoclonal antibodies, has improved outcomes and survival [4] . Several agents exhibit adverse effects on the immune system and the gastrointestinal (GI) tract. For example, diarrhea is a well-established side effect of proteasome inhibitors, and lymphodepletion is a treatment side effect that increases the risk of opportunistic infections [5] . Understanding the correlation between plasma cells, the gut microbiota, and proteasome inhibitors is crucial to improve treatment efficacy and decrease adverse events.
We Are Not Alone, Gut Microbiota!
Our gut microbiota has a role in our health starting from early life, and its effect goes beyond simple colonization [6] . The large surface area of our GI tract makes it vulnerable to microbial infection. Both innate and adaptive immune systems are present in the lamina propria and the mesenteric lymphatic system, leading to continuous stimulatory signals throughout the GI tract. Therefore, any disturbance in the ecosystem of the microbiota would impact the immune system, which may trigger an inflammatory state. In terms of the composition of the microbiota, multiple types of commensal bacteria exist, with the most common being Firmicuteslike Lactobacillus, Enterococcus, Clostridium, and Bacil-lus. These bacteria represent a spectrum of gram-positive aerobes and anaerobes, as well as others such as Bacteroidetes (gram negative) and Actinobacteria [7] . The anaerobic environment in our GI tract enables bacterial fermentation and the production of metabolites that have immunological activity with the ability to pass into the systemic circulation, such as short-chain fatty acids (SCFAs) [8] .
SCFAs, butyrate in particular, have an important regulatory effect on the immune system, including both its innate and adaptive arms [9] . Other SCFAs, such as acetate and propionate, have an effect through the G-protein-coupled receptor, mainly free fatty acid 2, leading to the activation of different downstream signaling cascades and ultimately the inhibition of histone deacetylase (HDAC) [10] . This pathway contributes to enhancing myelopoiesis and thus to the enhancement of the antibacterial activity of macrophages [11] . An additional effect of SCFAs on the host immune response is the promotion of plasma cells to produce IgA in the GI tract and regulate T-cell differentiation [12] .
The Microbiota and Hematopoiesis
As depicted in Figure 1 , SCFAs have several effects on inflammatory cytokines and pathways. SCFAs are produced by the gut microbiota as a result of carbohydrate fermentation. SCFAs have been reported to have an additional effect on the marrow microenvironment through the suppression of T-helper-17 cells (Th-17) and by increasing regulatory T-cell activity, which enhances the steady state of the immune system and allows for appropriate hematopoiesis and marrow function [13] . The main subtype of SCFAs, butyrate, decreases T-cell function in the GI lamina propria [14] . Bacteroides fragilis produces polysaccharide A, which has an anti-inflammatory effect and can migrate to the systemic circulation [15] . One important benefit of a balanced state between the gut microbiota and our immune system is the absorption of important nutrients for hematopoiesis, such as iron and vitamin B 12 . Hepcidin is an important regulator in iron metabolism and absorption. It is usually increased in an inflammatory state, thus decreasing iron absorption, leading to anemia of chronic disease or inflammation. Additional mechanisms for anemia of chronic disease, whether it is erythropoietin dependent or not, are inflammatory cytokine effects on the marrow microenvironment causing decreased erythropoiesis irrespective of erythropoietin level [16] .
From the blood and marrow transplant literature, we obtain a good understanding about the effects of the gut microbiota in patients receiving therapy for hematological malignancies. Conditioning regimens that include high-dose chemotherapy change the diversity of the gut microbiota (dysbiosis), which may affect the outcome of the engrafted stem cells [13] . The efficacy of allogeneic stem cell transplants depends on the cytotoxic conditioning regimens and the donor cells exhibiting a graft-versus-tumor effect. Previously, we believed that the depth of response correlates with the above two factors. We have learned that more variables are involved in outcomes of marrow transplantation and hematological malignancies, including the marrow microenvironment and complex molecular aberrations resistant to chemotherapy. There is rising evidence of gut microbiota having effects on outcomes of hematological malignancies. In a large retrospective series for patients undergoing allogeneic stem cell transplantation, stool analysis using 16s rRNAs showed that higher levels of Eubacterium limosum were associated with decreased risk of relapse/progression [17] .
What Is Special about Plasma Cells?
Our bone marrow environment stores hematopoietic stem cells. The lymphoid stem cells produce lymphoblasts, which differentiate into mature T and B lymphocytes. B cells in the setting of antigen activation may undergo terminal differentiation to plasma cells. Plasma cells are responsible for the production of immunoglobulin in response to stimuli or external antigens. The events preceding terminal differentiation determines the type of antibody produced by the activated B cells [18] .
The gut microenvironment is rich in immunologic stimuli from both the normal flora and external pathogens. The production of immunoglobulin is partially dependent on T-cell stimulation based on the type of produced immunoglobulin: IgM versus other (IgG, IgA, or IgD) [19] . With the development of clonal plasma cells, immunoglobulin production is dysregulated, leading to the accumulation of monoclonal proteins. Researchers from the University of Oslo discovered that plasma cells can potentially live for decades in the intestinal tract, particularly those lacking expression of CD19 and CD45 [20] . Long-term exposure to stimuli and external antigens increases the chance of genetic mutational development, leading to clonal plasma cells and eventually to plasma cell neoplasms, such as multiple myeloma. Whether the gut microbiota's interaction with our immune system contributes to mutational development is unclear and requires further study.
Effects of Proteasome Inhibitors on the Gastrointestinal Tract
Proteasome inhibitors (PIs) are considered the backbone of multiple myeloma treatment in the frontline and relapsed refractory settings [21] . Multiple trials have examined first-and second-generation PIs, including oral formulations, and have reported GI toxicity. Based on preclinical data, an increase in tumor necrosis factor alpha (TNF-α) receptor 1 expression on the intestinal epithelium and the elevated pro-inflammatory cytokine-like TNF-α, interleukin (IL)-1β, and IL-6 were proposed as the underlying etiology of GI toxicity, mainly in the form of diarrhea and, rarely, inflammatory colitis [22, 23] .
As described previously, dysregulation of the gut microbiota alters our immune system, resulting in an inflammatory state and adverse events. Whether PIs have a direct effect on the gut microbiota or not will need further experimentation and research. We know that PIs inhibit the nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) pathway, which has been shown to decrease the risk of acute graft-versus-host disease in the GI tract [24] . Thus, we speculate that the dominant pathway contributing to GI toxicity due to PIs is NF-κB dysregulation. It will be important to ascertain the role of the gut microbiota in the regulation of the NF-κB pathway and whether this impacts the GI toxicity seen with PIs.
Some reports demonstrate that gut microbiota products, such as SCFAs, suppress NF-κB and inflammatory cytokines, which can augment the PI effect on the GI tract. However, the effects of PIs on TNF-α and its receptors would still produce GI adverse events in the form of diarrhea, which has been reported in multiple trials [25] .
Myeloma Treatments and Gut Microbiota Balance
Cyclophosphamide is an alkylator that has been used in various triplet regimens for myeloma [21] . In preclinical studies, mouse models with implanted tumor cells demonstrated resistance to cyclophosphamide if previously treated with antibiotics to achieve a germ-free gut microenvironment. Therefore, researchers proposed that the presence of the gut microbiota increases the sensitivity of tumor cells to cyclophosphamide via Th17 and Th1 cells and immune responses [26] .
Autologous stem cell transplant is considered a standard of care in treating multiple myeloma patients who are fit and eligible [21] . During the critical cytopenia period until engraftment, patients are usually treated with multiple antimicrobial prophylactic agents and are at high risk of opportunistic infections from the GI tract. Prior to this phase of transplant, the patient receives highdose conditioning chemotherapy that alters the biology and normal flora of the GI epithelium and thus leads to the monodominance of pathogenic microbes such as Enterobacteriaceae [27] . In allogeneic stem cell transplant, E. limosum has been associated with a decreased risk of relapse and progression in several hematologic malignancies. A study included 541 patients (11% multiple myeloma) who underwent stool sample analysis for 16s rRNAs. At 2 years, a higher diversity of bacterial groups indicated better outcomes: hazard ratio 0.29 (0.12-0.67), p = 0.004 [17] .
In myeloma treatment, the patterns of progression suggest that gut microbiota dysregulation impacts treatment outcomes and patterns of resistance to chemotherapy. This has also been observed with several anti-cancer agents, including immune checkpoint inhibitors [26, 28] . Additional reports by Calcinotto et al. [29] demonstrated a more direct correlation between the gut microbiota and cancer. Th17 has been associated with disease progression and more clonal expansion of plasma cells in the bone marrow. This can be driven by the stimulation of the gut microbiota to Th17. However, the exact role of Th17 and its product IL-17 and their effect on tumor cells have not been consistent in the literature, with reports of both progression and regression of clonal plasma cells [30, 31] . Calcinotto et al. [29] reported that higher levels of IL-17 in bone marrow increase the risk of progression of smoldering myeloma to multiple myeloma; thus, inhibiting IL-17 can be a target for smoldering myeloma treatment. Further research has correlated SCFAs, mainly butyrate, produced by Eubacterium hallii and Faecalibacterium prausnitzii, are associated with minimal residual disease negativity at the end of induction therapy for multiple myeloma [32] .
Discussion
Activation of the NF-κB pathway promotes cell proliferation, tumor progression, and the suppression of apoptosis [33] . SCFAs, which are produced by the fermentation of carbohydrates in the intestinal tract by the gut microbiota, have anti-inflammatory effects [34] . The suppression of the pro-inflammatory cytokines by SCFAs occurs through the NF-κB pathway, histone deacetylase inhibition, and TNF-α [10] . The inhibition of the NF-κB pathway is thought to occur via the suppression of the activity of IκB kinase, inhibitor of IκB-α degradation, and NF-κB separation from phosphorylated IκB (Fig. 2) [35] .
The underlying pathophysiology of GI toxicity of PIs is poorly understood. Stansborough et al. [22] proposed that PIs cause proinflammatory cytokine release, the disruption of microbiota balance, or possible autonomic neuropathy.
Since both PIs and SCFAs inhibit the NF-κB pathway and PI-induced diarrhea is still recorded in patients with multiple myeloma, more variables have to be examined to better understand the pathophysiology of PI-induced diarrhea, especially with data presented at the American Society of Hematology meeting in December 2018 showing minimal residual disease negativity at the end of induction associated with SCFAs (butyrate) [32] .
We speculate that fecal microbiota transplantation (FMT) can increase the SCFA levels in the intestinal tract and thus decrease the GI side effects of PIs. As the field of FMT is evolving in treating several diseases, such as refractory Clostridium difficile infections, GI graft-versushost disease for blood and marrow transplant patients, or immune checkpoint-mediated colitis refractory to glucocorticoids, experimenting with FMT in PI-induced diarrhea would provide a sound scientific basis.
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